ABSTRACT: We have investigated the image quality of a silicon microstrip detector system operated in single-photon counting mode under mammography imaging condition. The detector has an edge-on geometry with a tilting angle of 5 degrees to the normal direction of X-ray incidence. It is composed of four modules and each module employs 256 silicon microstrips. Using a slanted-edge knife technique, the modulation-transfer function (MTF) without aliasing was determined. Noisepower spectrum (NPS) was determined using two-dimensional (2D) Fourier analysis on the linescanned 2D images. Based on the measured MTF and NPS results, detective quantum efficiency (DQE) was calculated. These systematic procedures were repeated at various energy thresholds. Asymmetric MTF properties between two perpendicular directions were observed because of the scan motion. Spectral densities in NPS were white for spatial frequencies. The best DQE value around zero-spatial frequency was about 0.7. It was observed that the DQE was independent of the level of X-ray exposure, which is desirable for low-dose mammography.
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Introduction
An early diagnosis of breast cancer from mammograms is difficult due to small-size lesion (e.g. micro-calcification) and the density similarity between the malignant mass and the surrounding normal tissue. These difficulties may partly be remedied with an increased X-ray exposure since image quality is proportional to radiation dose in some degree, but this approach should be avoided considering the patient dose. Therefore, digital mammography detectors require a high spatial-resolving power and high dynamic range even with low X-ray exposure [1] . Solid-state detectors operated in photon-counting mode are attractive in this regard because: (1) the direct-conversion detector based on semiconductor material provides superior spatial resolution to the indirect-conversion detector based on scintillator; (2) the dynamic range in the photon-counting approach is theoretically infinite; and (3) electronic noise, which degrades the signal-to-noise performance in images, can be suppressed by the thresholding technique [1, 2] .
We have developed a silicon (Si) microstrip detector array for line-scanned imaging and investigated its image quality for mammography. As objective image-quality metrics, modulationtransfer function (MTF), noise-power spectrum (NPS) and detective quantum efficiency (DQE) were considered. Although the overall results were comparable to the conventional digital mammography detectors, we gained the potential operation in a lower dose. Detailed information about the detector system, measurement procedures and image quality results are given in this paper.
Materials and methods

Description of the Si microstrip detector system
The detector consists of four Si microstrip-array modules and each module comprises a 256-microstrip array. The dimension of a microstrip is 0.095 mm wide, 0.5 mm height and 10 mm long. The detector system is designed so that the X-ray beam is incident along the longitudinal direction of the detector. This is known as the "edge-on" geometry and it improves the X-ray interaction efficiency of the detector [2, 3] . Since the dead zone, which is insensitive to X-ray interaction, is located at the front edges of the microstrips, the detector was tilted to the X-ray beam incidence by 5 degrees as illustrated in figure 1 . Therefore, the effective depth for X-ray interaction is about 5.7 mm. The detector is operated in photon-counting mode and has four energy thresholds. The maximum counting capability per strip is 7 × 10 5 counts per second. The readout chips were designed to allow a bit-depth of 18 bits. The electronic noise level is about 200 e − rms which is equivalent to 0.72 keV. In this study, one of thresholds is used to trim the electronic noise floor, and others are set to 13, 15 and 22 keV, respectively.
As schematically illustrated in figure 1 , the X-ray beam was collimated to provide a symmetric pixel format. Since the slit designed for beam collimation was measured at 0.1 mm, however, the pixel size is slightly asymmetric (0.095 × 0.1 mm). To obtain two-dimensional (2D) images, a tray, on which an object to be investigated is located, is scanned, while the X-ray tube and the detector are fixed.
Analysis of image quality
Objective quality of images obtained from the Si microstrip detector system was assessed in terms of MTF, NPS and DQE which describe the spatial resolution, noise variance and signal-to-noise performance of an X-ray detector, respectively, as a function spatial frequency [4] . The MTF was measured for two perpendicular directions; line and scan directions as depicted in figure 1. This MTF measurement was performed using the slanted-edge method to avoid aliasing. The NPS was evaluated by 2D Fourier analysis of 80 images with a size of 256 × 256 pixels and one-dimensional (1D) NPS was extracted along line and scan directions. All the images used for evaluating MTF and NPS were corrected for offset levels and gain variations in images.
The DQE was calculated by
whereq 0 is the average distribution of X-ray quanta incident on the detector (or incident photon fluence) andḠ is the system gain relatingq 0 to the average pixel valued. u and v are Fourier conjugates of spatial variables in the Cartesian coordinates. The photon fluence was estimated based on the measured half-value layer (HVL) and the in-house X-ray spectrum simulator [5] . The DQE analysis was compliant with IEC 62220-1-2 using a W/Al spectrum at 28 kVp [6] .
Results
The average pixel value in the unit of digital numbers (DN) of the Si microstrip detector as a function of exposure measured at the detector entrance surface is displayed in figure 2 (a) with respect to various threshold energies. From the linear least-squares regression analyses, the detector responses vary linearly with exposure levels for all threshold energies. As expected, the slope of the response curve, which is related to the detector gain, is reduced as the threshold energy is increased. The MTF curves measured for the two different threshold energies of 13 and 22 keV are plotted in figure 2(b) for two perpendicular directions. The MTF along the scan direction is much lower than that along the line direction. Although the asymmetric pixel shape in two directions contributes to this observation, it is presumed that mismatch between the scan speed and slit width would be the main cause. The other observation is that higher threshold energy enhances the MTF performance along the line direction. The dependence of MTF on energy threshold in microstrip detectors has been studied in reference [7] . Setting a threshold higher than half the X-ray energy results in a loss of counts at strip edges. This improves the MTF by reducing the effective strip width. However the MTF measured in our case is far away from the one expected with a 95 microns strip subject to charge-sharing effects only [c.f. figure 3(a) ]. The MTF might be strongly degraded by geometrical factors such as misalignment of the detector strips with the incident beam or focal spot size.
The NPS curves measured for the two different threshold energies of 13 and 22 keV are shown in figure 2(c) and (d), respectively, with respect to various exposure levels. As the exposure level is increased, the noise spectral densities also increase due to the increased quantum noise. Spectral densities are almost independent on spatial frequencies.
The DQE curves are displayed in figure 2(e) and (f). As shown in figure 2(e), the dependencies of the detector gain, MTF and NPS on threshold energies and evaluation directions are well reflected into the DQE results. The dependence of DQE on the exposure level is shown in figure 2 (f), and it is negligible for the range of exposure levels investigated in this study (1.1-4.3 mR). Removing electronic noise from the imaging process by using pulse discrimination logic in the photon-counting detector results in a quantum-noise-limited operation, hence independence of DQE on the exposure levels.
It is noted that the measurement results of MTF, NPS and DQE from the threshold energy of 15 keV are similar to those from 13 keV as observed from the measurement of the detector response [see figure 2(a) ]. To avoid complexity, the results of MTF, NPS and DQE from the threshold energy of 15 keV are not shown in figure 2. 
Discussion and conclusion
There are several factors affecting the spatial resolution of the detector system such as the pixel geometry (i.e. aperture response), oblique X-ray incidence, Compton scattering, charge diffusion, and so on. To quantitatively investigate the degradation in the system MTF performance from the ideal pixel geometry, the MTF data measured in the line direction for the threshold energy of 13 keV are re-plotted in figure 3(a) . The MTF due to pixel geometry can be described by the sine cardinal function or sinc function. Assuming that other signal spreading factors are independent of each other and each factor is described by the Gaussian model, we may describe the total system MTF as
where a is the aperture size and σ is the total standard deviation of the Gaussian signal spreading model. From the regression analysis with eq. (4.1), we obtained that σ 0.058 mm. The Monte Carlo simulation showed negligible signal spreading due to X-ray interactions such as the Compton scattering in the detector material (Si in this study). According to the simple charge diffusion model considering the depth of interaction, the signal spreading due to charge diffusion was ∼ 0.015 mm [8] . This confirms that the MTF degradation observed is not due to charge-sharing effects between strips but more likely to geometrical factors such as misalignment of the strips or focal spot size effects. By analyzing the measured MTFs with respect to various angles of rotation in the detector along each axis as well as magnification factors, the misalignment and focal size effects are under investigation. Figure 3(b) shows comparisons between the theoretical quantum efficiency α obtained from the Monte Carlo simulation and the measured DQE around zero-spatial frequency obtained from eq. (2.1) or DQE(0) =d 2 /NPS(0)q 0 . Since the Swank noise factor can be given by
we may extract the Swank factors of 0.80, 0.76 and 0.71 for threshold energies of 13, 15 and 22 keV, respectively, from figure 3(b). The Swank noise in a detector can be described by the statistical fluctuation in the number of collected charge carriers. If the number of charge carriers produced per X-ray photon absorption is large and the most of them are collected, the fluctuation is mainly governed by the stochastic nature of X-ray interactions. The charge-sharing effect can further distort the number of collected charge carriers in a pixel. Therefore, the energy-dependent Swank factors mainly appreciate energy-dependent X-ray interactions and charge-sharing effect [9] . We have developed the Si microstrip detector for the line-scanned digital mammography and investigated image quality in terms of MTF, NPS and DQE. The measured image quality is com-parable to those of commercial mammography detectors [10] . The potential for low-dose imaging capability attracts the photon-counting detector as a digital mammography detector further.
